Gas generation and gas transport phenomena occur in geological repositories of radioactive waste. This has been extensively studied over the past ten years, usually within the framework of international projects (PEGASUS, MEGAS, PROGRESS, etc.). These studies indicate that the production of hydrogen by anaerobic corrosion of metals is the most important source for gas generation. Laboratory and in situ experiments carried out at SCK•CEN indicate that, in the presence of Boom Clay (the reference geologic formation for deep disposal studies in Belgium), carbon steel suffers generalised corrosion estimated conservatively at 1 µm y -1 .
Introduction
Within the Belgian disposal programme of low-and intermediate-level short-lived radioactive waste (LILW-SL), coordinated by NIRAS/ONDRAF, geological disposal is one considered option. The disposal concept is being developed and evaluated for an estimated volume of 70500 m 3 of conditioned LILW-SL [1] . The current Belgian multi-barrier geological repository concept is shown in Figure 1 . The reference design for geological disposal in Boom Clay considers placing three 400-L drums in a prismatic concrete container, termed monolith. Six of such monoliths would fill the 4.8-m-ID of a disposal gallery. Carbon steel drums contain solid waste conditioned in a cement matrix (grout). Concrete blocks are used as gallery liner. The main material used as engineered barrier is thus concrete. Also large amounts of steel (waste, drums, reinforcement steel, etc.) will be present in the disposal gallery. Hence the concern about gas generation and transport. Gas generation in case of geological disposal cannot be avoided and may be due to several processes, including anaerobic corrosion, radiolysis, radioactive decay, and microbial activity. In case of LILW-SL, anaerobic corrosion is by far the most important source of gas [1] . Due to the large amounts of carbon steel present in LILW-SL (total reactive surface ~266 m 2 /m gallery), the process of anaerobic corrosion will generate large volumes of H 2 gas. Calculations demonstrated that the gas generation rate, assuming a corrosion rate of 1 µm y -1 , was much larger than the rate of dissolved H 2 removal from the disposal gallery via diffusion into the pore space of Boom Clay [1] . As a result, H 2 will accumulate in the disposal galleries and a free gas phase will exist relatively soon after repository closure. Numerical calculations using a two-phase flow code were undertaken to investigate the phenomenology of multiphase water-gas transport and to assess the impact of H 2 gas pressure on long term repository performance (e.g., amount of water expelled).
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Constitutive relationships describing two-phase water and gas flow are the capillary pressure-liquid saturation and the unsaturated hydraulic conductivity relationships. We used the van Genuchten-Mualem formulation as provided in TOUGH2 [2] , with the gas relative permeability, k gr , given by:
where Ŝ = (S l -S lr )/(1 -S lr -S gr ), S l is the liquid saturation (-), S lr the residual liquid saturation (-), S ls the saturated liquid saturation (-), and S gr the residual gas saturation. Figure 2 shows capillary pressure-liquid saturation for concrete and grout and the corresponding relative hydraulic conductivity relationship for water and gas. To obtain the absolute permeability, k l , the relative permeability, k lr , is multiplied by the saturated permeability, k ls , such that k l = k ls ×k lr with k ls =
9×10
-20 m/s for concrete and 9×10 -18 m/s for grout. Flow parameters for concrete and grout were taken from the literature, whereas curve fitting was applied to experimental data obtained from Boom Clay (results not shown). Several diffusion coefficients have to be introduced to model diffusion in the two-phase (aqueous and gas) and two-mass components (water and H 2 ) system: (1) Diffusion of water vapor in gas phase: D Numerical simulation of gas transport in concrete engineered barriers The TOUGH2 [2] numerical simulator for nonisothermal flow of multiphase fluids was applied to investigate the relationships between the most important variables affected by gas generation and transport: pressure evolution (P), gas saturation (S g ), and dissolved H 2 gas concentration (C hydL ). For this purpose a 2D 40×25 m 2 computational domain was defined that included one quadrant of the disposal gallery and the surrounding Boom Clay. Calculated variables will be discussed for several locations in the disposal gallery, including the waste drums (element 1), grout (element 2), and concrete monolith and liner (element 3). Results for two elements in Boom Clay (element 4 and 5) are also given, but the emphasis is on the concrete components (element 1 to 3). Initial and boundary conditions imposed for base case simulation were: (1) disposal galleries initially are at atmospheric pressure, 0.1 MPa, (2) all concrete and grout is initially water-saturated, (3) solubility of hydrogen is 0.0172 mol/l at the local hydrostatic pressure of 2.2 MPa, and (4) H 2 gas generation rate is 50 mol/m gallery. Figure 3 shows time evolution of P, S g , and C hydL for the base case and a case with only 50% water saturation for concrete and grout.
Other cases calculated the effects of reduced corrosion rate and smaller total porosity for concrete and grout (results not shown). For the base case, at t = 0, element 1, 2, and 3 are at atmospheric pressure i.e., 0.1 MPa, whereas element 4 and 5 (located in the clay) are at local hydrostatic pressure, i.e., 2.2 MPa (Figure  3 ). In the absence of a free gas phase, pore water pressure will gradually increase in elements 1, 2, and 3 due to the pressure equilibration imposed by the pressure of the surrounding host rock. The equilibration pressure is 2.2 MPa, and will be obtained in all points after ~1.5 y. Within this period (period 1) only dissolved H 2 gas exists. In case the porous medium in the immediate vicinity of the gas generation zone is water-saturated, the H 2 gas produced will dissolve in the pore water. As gas production continues, dissolved H 2 concentration in the pore water, C hydL , will increase gradually from an initially H 2 free pore water to a concentration at which the theoretical H 2 gas partial pressure, P g , becomes equal to the local hydrostatic pressure, P H . At this point, a free gas phase is formed. This happens because the dissolved H 2 gas has reached its maximum solubility (0.0172 mol/l) for a local pressure of 2.2 MPa. As soon as the first gas bubbles are formed, the first period ends. During period 1, gas saturation S g is zero.
When the gas partial pressure equals the hydrostatic pressure (i.e. 2.2 MPa at the depth of the disposal gallery), a free gas phase is generated, and period 2 takes a start. In this 2 nd period, the gas phase is still immobile, as no continuous gas pathway has been generated yet. The fact that a second (i.e. gas) phase is created implies that the porous medium gradually desaturates with respect to water (Figure 3) . A small fraction of the water in the coarser pores of the grout is expelled. Within the 2 nd period, the degree of gas saturation, S g , will be larger than zero but still very small, as the air entry value, P 0 , for grout and concrete engineered barriers (waste containers, liners) is relatively large (assumed 0.1 MPa for grout and 0.5 MPa for concrete). This behaviour has important implications for gas transport: as long as the gas saturation is smaller than the residual gas saturation, i.e. S g < S gr (= 0.1 for grout and 0.2 for concrete), the relative gas permeability K rg is still zero. The 2 nd period ends when the gas pressure has risen to the air entry pressure P 0 for the different materials. The corresponding gas saturation at air entry, S g , is thus 0.1 for grout (after 20 years for element 1 and 30 years for element 2) and 0.2 for concrete (after ~90 years for element 3).
In the third period the largest pores start to desaturate and a continuous gas pathway will now be created. Hence, gas flow starts (relative gas permeability k gr > 0). Desaturation of the porous medium implies that pore water will be displaced in the direction of the engineered disturbed zone and the host rock. When the gas generation rate is larger than the gas flow rate, gas pressure will continue to increase up to ~4.4 MPa in Boom Clay. This is the end of the 3 rd period.
When the gas pressure reaches 4.4 MPa in Boom Clay (in EDZ first), the gas breakthrough pressure of Boom Clay is reached. This is the start of period 4. Gas breakthrough occurs in the clay and discrete flow paths are created, mainly in the EDZ. This phenomenon leads to non-darcian flow. Large quantities of gas can be transported through such pathways, reducing the gas pressure in the near field significantly. When gas pressure has dropped below 4.4 MPa in Boom Clay, the preferential pathways are closed again owing to the self healing capacity of the clay. Built up of gas pressure begins again, until the breakthrough pressure is obtained again. This cyclic behaviour of opening and closing of preferential flow paths goes on until the gas production rate becomes small enough such that the dissolved gas can be evacuated via the regular pore space. This behaviour could not be described with TOUGH2, hence calculations are meaningful only until the breakthrough pressure has been reached.
Conclusions
Numerical analysis of gas generation and transport in concrete components of a geological repository of LILW-SL was illustrative of the interactions between pore-water pressure, gas saturation degree, and dissolved H 2 concentrations. Simulations with different initial and boundary conditions revealed that gas generation would result in a minimal amount of water being expelled from the disposal gallery when (1) the initial saturation degree of all concrete components is 50%, or when (2) the carbon steel corrosion rate is reduced to 0.1 µm/y. In such condition the effect of gas generation on repository performance is minimal.
